In this follow-on study, macro fiber composite actuators were used to change the shape of the upper and lower surfaces of an airfoil model with geometry close to that of a NACA 0014. In the design discussed, these thin and light piezoelectric actuators are bonded to the inside and become an integral part of the skin of the upper and lower surfaces of the airfoil. Still-air and wind-tunnel measurements in different flow regimes were performed to assess the characteristics of the static changes of the shape of the airfoil. The results obtained can be used to design a wing with morphing surfaces for improving its aerodynamics, for maneuvering without ailerons, and/or for active control of the flow over the wing. 
I. Introduction
HE ability to change the shape of a wing allows adapting it to different flight conditions. Birds and bats have developed through evolution wings capable of dramatic and continuous morphing not only for generating the lift required to stay aloft, but also to propel themselves in the air and to perform controlled maneuvers. To a smaller extent the wings of aircraft can also achieve discrete changes of their shape by using ailerons, flaps, and slats or by modifying their sweep, dihedral, or incidence angle. Thus much research is devoted to understand and optimize extensive types of wing morphing for improving the aircraft performance. [1] [2] [3] [4] [5] [6] However, extensive wing morphing poses significant design challenges and requires complex mechanical structures and actuators. By contrast limited but smooth morphing of a wing can often be sufficient for the needs of flight (as shown by the minimal movements of the wings of various birds in some flight conditions). The selective displacement of an airfoil upper surface by less than 0.5 % of its chord is sufficient to introduce changes of the pressure distribution useful for tailoring the lift and drag coefficients at high-subsonic speed. 7 This can be used to optimize the performance of an airfoil around a design point, for instance at cruise conditions. Asymmetric changes in the left and right wing can also be used to maneuver an aircraft without using ailerons. Larger displacements would be required at lower speed, but still within a few percent of a wing chord. Furthermore, limited shape changes appear more feasible for actuation at high frequencies. 8 This can be exploited to actively control some undesirable phenomena of the wings like flow separation [9] [10] [11] and aeroelastic oscillations. [12] [13] [14] A major difficulty in implementing wing morphing is represented by the size, weight, complexity, and power 15 demanded by the appropriate actuators (hydraulic, pneumatic, electric motors, or even some smart materials like shape-memory alloys). From a system-integration point of view, the performance increase offered by the morphing must outweigh its associated penalties. In this respect, limited morphing is also appealing as it may offer useful aerodynamic advantages with small, light, simple, and power-saving actuators. The macro fiber composite (MFC) actuators, originally developed at NASA, belong to this category and seem promising for implementing different types of wing morphing, especially if limited shape changes are required. These thin, light, and flexible piezoelectric actuators, Fig. 1 , consist of rectangular piezo-ceramic rods sandwiched between layers of adhesive and electroded polyimide film which contains interdigitated electrodes that transfer the applied voltage directly to the rods. When embedded in a surface or attached to flexible structures, the MFCs provide distributed deflection and vibration control. They can also be used as sensors to measure the structural strain under applied loads.
Some studies have explored the use of such actuators to change or control the shape of aerodynamic bodies. Munday et al. used THUNDER actuators (a predecessor of the MFC type, also developed at NASA) to increase the lift of an airfoil. [9] [10] [11] Their morphing airfoil model is based on a prototype made by Pinkerton and Moses. 16 Static and dynamic morphing tests were conducted at angles of attack from 0° to 9° at low Reynolds numbers of 2.5·10 4 and 5·10 4 . Static morphing shows modest aerodynamic benefits with best increase of the L/D ratio of about 2%. However, dynamic morphing significantly reduces the size of flow separation therefore greatly increasing the L/D ratio. Bilgen et al. investigated the use of MFCs to change the wing camber for roll and pitch control of a remotely piloted micro-air-vehicle (MAV). 17 The MAV was flown successfully and demonstrated sufficient roll control in flight as well as in the wind tunnel. It survived numerous crashes proving the durability of MFCs. Successively, Bilgen et al. investigated in detail the use of MFCs to change the camber of a symmetric airfoil. 18 The progress of this research led to the fabrication and flight demonstration of a small aircraft with solid-state control surfaces. 19 More recently, Bilgen et al. developed a novel design for a variable-camber airfoil employing a continuous inextensible surface with bonded MFC actuators which can achieve significant change in aerodynamic response. 20, 21 Moses et al. studied MFC actuators as a mean for reducing buffeting loads on a twin-tail fighter aircraft flying at high angles of attack. 22 Wind-tunnel tests with open and closed-loop buffet alleviation have shown buffeting reductions of over 80%.
The main scope of this follow-on project is to explore the use of MFC actuators integrated to the upper and lower skins of a symmetric airfoil model for changing its shape to the degree required for tailoring a wing's performance. The mechanical design previously presented by Debiasi et al. 23, 24 is applied in this study to both the upper and the lower surfaces on an airfoil. To some extent this work parallels those of Bilgen et al. [18] [19] [20] [21] However, it is based on a different mechanical design of the morphing wing whose structure is more similar to that of conventional wings, a desirable characteristics for practical implementation in aircraft.
II. Experimental Setup
A symmetric airfoil model has been fabricated for testing the shape changes of its upper and lower surfaces by MFC actuators, Figs. 2 and 3. The model chord c is 150 mm and its span s is 158 mm. The reference geometry for fabrication of the airfoil is the NACA 0015. However the actual fabricated model has maximum thickness of 21 mm without MFC actuation and thus the corresponding geometry is closer to that of a NACA 0014 airfoil. A 0.25 mmthick carbon-fiber sheet, a material suitable for fabricating the skin of small aircraft, has been used for the upper and lower skins. A vacuum-bag was used to bond the MFC patches (Smart Material M-8557-P1) to the inner side of the skins, Fig. 3b ). The skins deform inward when a positive voltage is applied to the MFCs, whereas they deform outward when a negative voltage is applied. Such deformations cause the skins to have small variations in the longitudinal direction which are accommodated by allowing them to slide in thin pockets located at the leading edge.
The MFC actuators are driven by a Smart Material HVA 1500/50-2 high-voltage amplifier which is designed to power a number of different piezo-actuators. This unit has a voltage gain of 200 V / V and a signal bandwidth from DC to 10 kHz depending on the load capacitance. It accepts input voltages in the range from -2.5 V to 7. This unit can measure the forces and the moments along three perpendicular axes. We used two axes aligned with the streamwise and the vertical directions of the wind tunnel to measure the drag and the lift forces generated by the model. The third axis, coinciding with the axis of rotation of the turntable and aligned in the spanwise direction, passed through the airfoil mid-chord point (c/2) and was used to measure the pitching moment. The balance was factory calibrated and the corresponding conversion factors stored in the acquisition unit used with it such that the values of the forces and moments obtained are already corrected. The range (and accuracy) of the measured forces and moment are 65 (±1/80) N and 5 (±8·10 -4 ) Nm, respectively. For each measurement, 2048 samples of the values of the forces and moment were acquired at 2 kHz and low-pass filtered at 10 Hz before averaging in order to remove the effect of small vibrations induced by the flow. Based on the angle of attack, the pitching moment about c/4 was calculated from the corresponding values of the lift, drag, and pitching moment about c/2. The maximum error for these quantities is 5%. Figure 5 shows lateral-view pictures of the model changing the shape of its upper and lower surfaces with static actuation in still air. Figure 5a) is the non-actuated model whose shape is similar to the NACA 0014 airfoil. Figure  5b) shows the outward deformation of the surfaces with the MFCs actuated at -500V which produces a shape similar to the NACA 0016 airfoil. Conversely, actuation at 1000V causes an inward skin deformation. This produces a thinner profile of unconventional flatter shape whose thickness is about 13% of the chord, Fig. 5c ). Finally, actuation at different upper and lower skin voltages produces asymmetric profiles with non-zero curvature of the camber line. Figure 5d) shows such a profile obtained with upper-skin actuation at -500V and lower-skin actuation at 1500V. In this figure A and B indicate the points at 0.4 c from the leading edge of the model located on the upper and on the lower surface, respectively. The corresponding negative-cambered (i.e. upside-down) airfoil is simply obtained by inverting the actuation voltages of the upper and of the lower skins. Other shapes, not shown here, can be obtained by adjusting the actuation voltages of the upper and of the lower skins within the range of values permissible for the MFCs. Figure 6 illustrates the displacement in the n direction of the skin measured at 0.4 c. Positive and negative values indicate outward and inward deformations, respectively. Figure 6a) shows the actuation voltage and the corresponding skin displacement in still air during one actuation cycle between -500 V and 1500 V. The voltage was kept constant for 0.5 s at the extremes of the voltage range. Points A and B in Figs. 6a) and 6b) match the corresponding points of Fig. 5d ). Point A on the upper surface moved outward by about 1.5 mm relative to the nonactuated case of Fig. 5a ) whereas point B on the lower surface moved inward by about 2 mm. Thus the thickness of the airfoil measured at 0.4 c decreased by only 0.5 mm whereas its camber increased by 3.5 mm which corresponds to a 2.3% c positive camber. A hysteresis loop is obtained by plotting the skin displacement as a function of the actuation voltage. This is an undesirable but typical behavior due to the piezo-ceramic bimorph nature of the MFC actuators.
III. Results
18 Figure 6b ) shows five such loops which overlap quite well indicating good repeatability of the displacement with actuation. The arrows in the figure indicate the loop path.
Figures 6c) and 6d) show analogous data for the airfoil aerodynamically loaded at  = 0° in a U ∞ = 15 m/s flow.
Compared to the still-air measurements, a small positive displacement of the skin is observed with actuation at -500 V which is attributed to the low pressure on the upper surface. Similarly, the skin tends to be slightly pulled out when moving from the inward to the outward position (upward path of the hysteresis loop). However, the skin behaves as in the still-air case when moving from the outward to the inward position (downward path of the hysteresis loop) indicating that the actuators are actually capable of contrasting the aerodynamic loads as required. Similar results (not shown here) have been obtained at other angles of attack.
Wind-tunnel tests were performed at freestream velocities up to 15 m/s for values of the angle of attack ranging between -15° to 15°. In this range of velocities and angles of attack, the upper and lower skins of the model did not exhibit any vibration or anomalous deformation both without and with actuation. The response to actuation of the skins was similar to that observed in still air, as shown above. Figure 7 compares the aerodynamic characteristics of the airfoil model without actuation and with actuation of the skins at -500 V and 1500 V to obtain positive and negative-cambered airfoil shapes as in Fig. 5d ). The data, obtained at U ∞ = 15 m/s for  ranging between -15° to 15°, are not corrected for the effects of tunnel blockage.
Larger values of the angle of attack are not considered since these would be significantly affected by the blockage of the model (whose chord is comparable to the height of the wind-tunnel test section). At this velocity, the Reynolds number Re c based on the chord of the model is about 150,000 and thus the flow around the model is laminar. The lift coefficient of the three configurations is shown in Fig. 7a ) for the positive range of the angles of attack. As expected, increasing the camber produces higher lift. At higher angles of attack the negative-cambered airfoil suffers a loss of lift due to flow separation. The values for  < 0° can be obtained by mirroring the data of Fig. 7a ) about the two axes in which case the data of the positive-camber case would be the mirrored data of the negative-camber case, and vice-versa. By changing the voltage of the skins between the extreme values of the positive and negative-camber cases, one can obtain intermediate shapes between these and, accordingly, values of the lift coefficient comprised between the higher and the lower curves of Fig. 7a ). Analogous considerations hold also for the successive figures. Figure 7b) shows that, as expected, the positive-cambered airfoil suffers less drag at positive angles of attack. The corresponding values of the lift over drag ratio are shown in Fig. 7c) clearly showing that a more efficient configuration for cruise conditions can be obtained by increasing the camber of the airfoil. A typical application of symmetric airfoils is in highly maneuverable aircraft. The lift-drag polars in Fig. 7d ) indicate that such an aircraft with a wing capable of adopting positive and negative-cambered airfoil shapes would achieve the required lift with minimum drag both in normal or inverted flight and in any other in-between flight condition. Figures 7e) and 7f) show the pitching-moment coefficient about c/4 and the non-dimensional chordwise position of the center of pressure as a function of the angle of attack, respectively. We can see from these figures that changing the shape of the airfoil can be used to tailor the location of its center of pressure, and thus the stability of the aircraft, without adversely affecting its pitching moment.
The data in Fig. 7 show that the shaping of the upper and lower surfaces by MFC actuators can be useful for increasing the aerodynamic performance of a symmetric airfoil which, being simpler to design and construct, is the type studied in this work. However, the technique presented here is not limited to symmetric airfoils. In principle, the shaping of the upper and lower surfaces by MFC actuators can be useful for tailoring and improving the aerodynamic performance of any type of airfoil. In particular, this technique could be very beneficial to broaden and stabilize the useful aerodynamic envelope of high-performance airfoils that quickly deteriorate their characteristics at off-design conditions.
IV. Conclusion
A symmetric airfoil model has been designed and constructed that has flexible upper and lower skins whose shapes can be changed by macro fiber composite (MFC) actuators bonded to their inner sides. These piezoelectric actuators are very thin, light, robust, and have low power consumption. In the design discussed, they become an integral part of the skin of the model. Without actuation the model has a shape similar to that of the NACA 0014 airfoil. Different symmetric and non-symmetric airfoil shapes can be obtained by changing the actuation voltage of the upper and of the lower skins within the range allowed for the MFC actuators. The aerodynamically loaded skins did not show any vibration or anomalous deformation and maintained a response to the actuation comparable to that observed in still air. The undesirable but typical hysteresis of the MFC actuators can pose some difficulties in achieving a specified airfoil shape. Closed-loop control should be used in practical applications to overcome this problem and to actuate the skins to a desired aerodynamic shape. The aerodynamic characteristics of the model have been measured with a force balance in a wind tunnel. The results obtained clearly indicate that it is possible to increase the aerodynamic performance of a symmetric airfoil by using MFC actuators to change the shape of its upper and lower surfaces. In principle this technique should be useful for tailoring and improving the aerodynamic performance of other types of airfoil as well. To prove this, new asymmetric airfoil models will be fabricated and tested in the future. 
